The hot deformation behavior of a novel near-beta titanium alloy Ti-5.5Mo-6V-7Cr-4Al-2Sn-1Fe in (α + β) phase region in the temperature of 605∼755 • C and strain rate range of 10 −3 ∼10 −1 /s −1 was investigated on the Gleeble-3800 thermo-mechanical simulator. The results showed that the deformation parameters can have a significant influence on flow softening behavior and the microstructure evolution, as well as dynamic recrystallization is remarkable at temperature 755 • C and strain rate 10 −3 s −1 . The flow stress decreases with the increase of temperature and decrease of strain rate. With the rise of temperature and strain rate, the content of α phase gradually decreases. During the thermal deformation process, the α phase content decreases with the increase of the strain rate and the size of α phase decreases with increasing temperature. α GB is short rod or spherical. And α phase precipitated after short-term aging preferentially nucleated within the grains after aging treatment. Moreover, the thermal-mechanical process does not induce α phase generation compared to general heat treatment.
Hot Deformation Behavior of a Novel Near-β Titanium Alloy Ti-5.5Mo-6V-7Cr-4Al-2Sn-1Fe in (α + β) Phase Region INTRODUCTION Near-β titanium alloys have been widely used in aviation, medical, petrochemical and other fields owing to its low density, high specific strength, excellent match of strength, ductility and toughness (Qin et al., 2018; Zhang and Chen, 2019) . The microstructure evolution of near-β titanium alloys are extremely sensitive to processing parameters , resulting in a narrow processing range. The flow softening refers to the common phenomenon that flow stress decreases remarkably with strain increasing in the hot processing. And the flow softening behaviors have a certain guiding role in the optimization of the forging process for near-beta titanium alloy. Studies have shown that dynamic recovery (DRV) , dynamic recrystallization (DRX) (Matsumoto et al., 2014) , and α phase spheroidization (Jones and Jackson, 2013) are the main causes of flow softening. Bai et al. (2014) revealed that the main hot deformation mechanism of TLM titanium alloy at 750∼850 • C was DRV and DRX by building hot processing map. It has been studied that the Ti-55531 alloy was deformed in the (α + β) region by Warchomicka et al. (2011) . Due to the existence of the α phase, the dislocation motion and the formation of the β-subcrystal are hindered, and the transition from the low-angle grain boundaries (LAGBs) to the high-angle grain boundaries (HAGBs) exhibits the characteristics of dynamic recrystallization. In recent years, more studies focus on the phase transition behavior of titanium alloy during hot deformation. Hua et al. (2014) studied the stressinduced phase transition behavior. Their results indicated that the deformation bands and dislocations generation during the thermal deformation process increased the nucleation sites of α phase and promoted the β→ α transition. Fan et al. (2017) explained the spheroidization mechanism of α phase of Ti-7333 alloy during thermal deformation. However, Jonas et al. (2017) found that flow stress reached a peak after thermal deformation and then decreased gradually, and the content of β phase increased. It was considered that the dynamic softening was caused by α→β transformation. Therefore, it is still necessary to study the microstructure evolution and phase transition behavior in the thermal deformation of near-β titanium alloy.
The present study is carried out to clarify the flow behavior and microstructure evolution of Ti-5.5Mo-6V-7Cr-4Al-2Sn-1Fe in (α + β) phase region, which provides supportive information on effect of stress on phase transition by comparing aging and thermal deformation.
MATERIALS AND EXPERIMENTAL PROCEDURES
The alloy used in this experiment was produced by three times of vacuum self-consumable arc melting (VAR), and its chemical composition was Ti-5.4Mo-5.9V-7.1Cr-3.8Al-1.8Sn-1.1Fe (wt%). The ingot is forged by forging and repeatedly drawn to obtain a bar with a diameter of 50 mm. The β transus temperature was measured to be about 765 • C by metallographic observation. Cylindrical specimens of 8 × 12 mm by wire cut from the bar were solution-treated at 850 • C for 30 min by air cooling, and the microstructure of experimental alloy after solution treatment is shown in Figure 1 with β single phase.
The thermal compression test was conducted on Gleeble-3800 thermo-mechanical simulator in the temperature of 605∼755 • C and strain rate range of 10 −3 ∼10 −1 s −1 . Two pieces of Tantalum slices were placed on the specimen and clamp to reduce friction. The samples were heated to a preset temperature at a rate of 10 • C/s for 5 min to ensure complete heating and to avoid excessive grain growth. The final compressive deformation was 80%. The specimens were immediately quenched to obtain the hot deformation microstructure after the hot compression test. The metallographic samples were cut along the axis, mechanically polished and then etched in Kroll's etching solution of 10% HF, 30% HNO 3 and 60% H 2 O. The morphology of α phase was observed by scanning electron microscopy (SEM) and quantitative analysis was performed using Image-Pro Plus software.
In order to study the effect of stress on the α phase transition, the heat treatment test without stress was also carried out on the Gleeble-3800 thermo-mechanical simulator. The initial processing conditions were the same, and the holding time was consistent with the thermal deformation test at the same temperature. The specific test parameters were shown in Figure 2 . Figure 3 showed the flow stress curves of the experimental alloy Ti-5.5Mo-6V-7Cr-4Al-2Sn-1Fe in the temperature of 605∼755 • C and strain rate range of 10 −3 ∼10 −1 s −1 . At the beginning of deformation, the process is the work hardening stage, where the stress rises almost linearly, and the stress reaches a peak when the strain is very small. It is considered that the rapid proliferation of dislocations is related to the lattice structure and the mechanical parameters of the material, resulting in the insensitivity to parameter variation (Liang et al., 2014) . As the degree of deformation increases, the stress gradually decreases, which is called the dynamic softening stage. Since dislocation annihilation and rearrangement strongly depend on the ability of dislocation migration and collision between adjacent dislocations, the process is sensitive to parameters variation. The peak stress gradually decreases with increasing of temperature. When the strain rate increases from 10 −3 s −1 to 10 −1 s −1 , the peak stress gradually increases, appearing the opposite law, as seen in Figure 4A . It can be explained according to the dislocation mechanism (Mitchell et al., 2002) :
RESULTS AND DISCUSSION
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whereε represents the strain rate, ρ is the density of the movable dislocations, b denotes the Burgers vector, ν represents the rate of proliferation of the movable dislocations, and m is the average of dislocation velocity (Reviewer 2). As the strain rate increases, the rate of dislocation proliferation increases and the peak stress increases accordingly. After the relatively slow softening stage, the flow stress gradually stabilizes and reaches a steady state, that is, the dislocation proliferation and annihilation reach a balance. Bai et al. (2014) also found similar results when investigating the thermal deformation of TLM alloy.
Flow softening is often manifested by the decrease of flow stress during compression deformation of high temperature (Sakaki et al., 1994) . And the value of flow softening could be expressed as the difference between the peak flow stress and the steady flow stress ( σ = σ p -σ s . Where: σ p is the peak stress; σ s is the steady state stress). Figure 4B reflected the variation of flow softening stress with strain rate and temperature. The same law is also basically exhibited at 655 and 755 • C. The flow softening value increases first and then decreases with the increase of strain rate, and the flow softening behavior is most obvious at 655 • C/10 −2 s −1 . However, when the temperature is 605 and 755 • C (close to the phase transition temperature), the amplitude of flow softening increases with increasing strain rate, which may be due to dynamic recovery (DRV) and dynamic recrystallization (DRX). At present, DRV, DRX and α phase spheroidization have been considered to be the main causes of flow softening phenomenon.
Work hardening and dynamic softening effects are considered interdependent because the dynamic softening driving force is provided by the deformation energy produced by work hardening, and the softening effect causes continuous strain to induce subsequent hardening (Zurob et al., 2014) . Although the correlation between work hardening and dynamic softening has been confirmed from the flow curves and microstructure evolution, there is no correlation and quantitative relationship between work hardening and dynamic softening. From the perspective of dislocation, dislocation proliferation and annihilation coexist and compete with each other, so work hardening and flow softening are exhibited in the isothermal compression test. A dynamic model of variation in dislocation density could be used to represent this relationship (Bergström, 1970) as:
where U and are dislocation proliferation and annihilation coefficients, respectively.
According to the dislocation evolution described by Mecking and Kocks (1981) and Estrin and Mecking (1984) models, the variation in dislocation before and after dynamic recrystallization can be expressed as:
where α and M represent the Talor coefficient and the conversion factor, respectively, G is the shear modulus, and σ c is the critical stress at the beginning of DRX.
Thermal Deformation Microstructure Analysis Figure 5 exhibited the microstructure of the alloy at different temperatures of 80% deformation and strain rate of 10 −3 s −1 . It could be clearly observed that the grains were elongated perpendicular to the compression direction. And α phase was mainly segregated in the vicinity of the grain boundary, as well as the content of α phase gradually decreases with the increase of temperature. At 755 • C, the jagged β grain boundary appeared owing to dynamic recrystallization occurring. And α phase content was close to zero, which could be due to the near phase transition temperature, causing α→ β transformation. The phenomenon of "β necking" in Figure 5D was caused by periodic DRV/DRX competition (Ning et al., 2015) . Furthermore, it could be found from the SEM photographs Figure 5A that the grain boundaries were still continuous at 605 • C. And discontinuous grain boundary α phase (α GB ) began Frontiers in Materials | www.frontiersin.org to appear at 655 • C, which was short rod or ellipsoid. During the thermal deformation process, the α-phase stable elements aggregated toward the grain boundaries, and the β-phase stable elements were discharged to the inside of the grains while nucleation. In addition, the formation of a large number of crystal defects during the deformation process accelerated the diffusion rearrangement of alloying elements, causing most of α phase to precipitate at the grain boundaries (Reviewer 3).
Microstructures at different strain rates at 655 • C were demonstrated in Figure 6 . When the strain rate increased from 10 −3 s −1 to 10 −1 s −1 , the sub-grain boundaries and subgrains appeared gradually, and the DRV phenomenon gradually becomes obvious, which caused the dislocation to migrate and multilateralize. Moreover, α phase particles were smaller in size (∼1 µm) and had a lower precipitation content, which could be due to the shorter strain time, while the higher strain rate, and α phase continued nucleating and growing without sufficient time. An interesting phenomenon could be observed in be observed in Figure 6E . The spheroidization phenomenon of the α phase was most obvious at the 655 • C and 10 −2 s −1 , but when the strain rate was 10 −1 s −1 , α GB had a tendency of "points connected into a line". Figure 7 exhibited the microstructure of heat treatment at 655 • C, where the aging time was the same as the total time at different strain rates at this temperature, including holding time (5 min) and hot compression time. When the strain rates were 10 −1 s −1 , 10 −1 s −2 , and 10 −1 s −3 respectively, the total time was 12, 14, and 27 min in turn. The α phase precipitated after short-term aging preferentially nucleated within the grains. The distribution of α phase in the grains was similar to the "sub-grain." The defect position inside of the grains became the preferential nucleation sites of α phase, not the grain boundaries, which nucleated within the grains. The distribution of α phase in the grains was similar to the "sub-grain." A more reasonable explanation was related to the deformation zone and the sub-grain formed during high temperature deformation (Chai et al., 2013; Chen et al., 2016) . The defect position in the grains became the preferential nucleation site of the α phase, not the grain boundaries, which indicated that the elastic strain energy of the defect location in the alloy contributed more to the nucleation work of the phase than the nucleation work of the grain boundary energy (Chang et al., 2006) . It was clearly observed that the positions of the nucleation of α phase were uneven, precipitating easily along the grain boundaries and dislocations. Comparing the hot deformation microstructure (Figure 6 ) and the heat treatment microstructure (Figure 7) at 655 • C, it could be found that the content of α precipitated phase was significantly different under hot deformation and heat treatment, and the quantitative analysis was shown in the Figure 8 . Under the same time, the content of α phase was significantly reduced under the condition of isothermal compression, which fully demonstrated that the thermal coupling conditions suppressed the β→ α transition. It was in contrast to the research FIGURE 6 | Metallography after isothermal compression under 655 • C with different strain rate of (A)10 −3 s −1 (B) 10 −2 s −1 , (C) 10 −1 s −1 , and SEM images of the grain boundary at 655 • C with different strain rate of (D) 10 −3 s −1 (E) 10 −2 s −1 , (F) 10 −1 s −1 . results of Dehghan-Manshadi and Dippenaar (2012), where no so-called dynamic stress-induced phase transition (DSIPT) occurred. Competition between α/β phase transition and DRV and DRX existed in thermal deformation of titanium alloys. It could be seen from the microstructure that the serrated grain boundaries did not occur at 655 • C, and the subgrain boundaries FIGURE 9 | Illustration of the competition mechanism between DRV and phase transformation with the variety of strain rate during the thermo-mechanical processing. and the subgrains appeared as the strain rate increased, so the DRV process could be considered to suppress DSIPT. There were no rearrangements of alloying elements and variations in crystal structure in DRV process, and dynamic softening could be achieved with a small activation energy. The competitive relationship between this DRV and α/β phase transition for this alloy could be represented by a schematic diagram, as demonstrated in Figure 9 . Above the theoretical temperature of DRV, as the strain rate increases, the rate of dislocation proliferation increases and the activation energy of DRV can gradually increase. And then dynamic recovery (DRV) begins to occur until strain rate increasing toε c (the critical strain rate at which DRV begins). According to the above experimental results, the content of α phase by aging treatment was the highest at this temperature. So it could be considered that the activation energy of α/β phase transition was the highest whenε = 0. And the activation energy decreases gradually with the increase of strain rate. Atε b (the strain rate at which the activation energies of DRV and phase transition are equal) the activation energies are equal, and the equilibrium state is reached. Therefore, when The greater the strain rate is, the greater the driving force is, and the recovery behavior of the β matrix mainly occurs, so that the recovery takes up the position of the second phase nucleation (Lenain et al., 2005) .
Effect of Stress on α Precipitation Phase
Generally, when the α/β phase interface on the β grain boundary is a non-coherent interface, the α phase crystal nucleus grows in a double spherical crown shape, which can reduce the interface energy. When a part of the α/β interface maintains the Burgers orientation relationship (BOR), it maintains a flat interface while the other side grows in a spherical crown. Crystal materials are deformed at high temperatures, and there are usually two mechanisms to coordinate macroscopic deformation, namely dislocation slip and grain boundary slip. As the strain rate decreases, the effect of grain boundary sliding becomes more prominent, which causes more α phase and adjacent β matrix to fail to maintain BOR. Hua et al. (2014) found that the near-β-type Ti-5553 alloy does not strictly follow BOR between α phase and β phase after thermal deformation. From the experimental results, most of α phase and β matrix deviate from the BOR under thermal coupling, so forming equiaxed or short rod α GB .
The α phase nucleation at the β grain boundary under thermal coupling tends to grow into a spherical shape rather than a lamellar shape because the α/β non-coherent interface has a high interfacial energy. In contrast, in the heat-treated sample, α phase grows in a lamellar shape because it maintains the BOR with the α phase and has a coherent/semi-coherent phase interface (Shi et al., 2016) . The α layer grows up by the accumulation of atoms on the non-coherent surface of the tip, and the migration of the coherent/semi-coherent plane increases the thickness of the α layer.
The schematic diagram of the microstructure evolution of aging heat treatment and thermal deformation of the original solution treatment sample was shown in Figure 10 . During the aging process of Ti-5.5Mo-6V-7Cr-4Al−2Sn-1Fe alloy, as shown in Figure 10B , α phase nucleates in the preferential crystal, and then nucleates at the grain boundary. Since the sample produce defects and sub-grains after high-temperature forging, although the solution treatment eliminates the deformation zone, the positions of the original deformation zone or sub-grains are still retained, and the nucleation barrier is relatively low. Aging α phase is Needle-like or point-like. In the Figure 10C , the grains are obviously elongated under the thermal coupling, and the α phase precipitates less, mainly distributing in the grain boundary and near the partial sub-grain boundary, which is spherical and short rod-like.
CONCLUSIONS
The thermal deformation behavior of the new near-β titanium alloy Ti-5.5Mo-6V-7Cr-4Al-2Sn-1Fe in the (α + β) region was studied and characterized by flow stress curve, metallographic, SEM. The following conclusions can be drawn from the present study:
(1) Deformation temperature and strain rate can significantly affect the thermal deformation behavior. The flow stress increases with the decrease of deformation temperature and the increase of deformation rate (Reviewer 2). The flow softening process is affected by DRV, DRX and α phase spheroidization. (2) During the thermal deformation process, the α phase content decreases with the increase of the strain rate and the size of α phase decreases with increasing temperature. α GB is short rod or spherical. And α phase precipitated after short-term aging preferentially nucleated within the grains, which could be related to the deformation zone and the sub-grain formed during former high temperature deformation. (3) Compared with the aging heat treatment, thermomechanical processing does not induce the α phase generation, which may be due to the suppression of DSIPT by DRV.
